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Abstract
We review star formation in molecular clouds and describe why mag-
netic fields may be important and how they can influence filamentary
structure and the column density probability distribution function (PDF).
We also comment on the origin of the stellar and substellar initial mass
function (IMF), which may require explanations beyond a simple Jeans
length argument in turbulent molecular clouds. A mathematical model of
the modified lognormal power-law (MLP) distribution function provides
a framework within which to connect accretion processes with the IMF.
1 Introduction
Some of the key questions in molecular cloud and star formation research center
around the role of magnetic fields. They are invoked as drivers of protostellar
outflows, a means of efficiently spreading turbulent and outflow-driven energy
through a cloud, and a source of cloud support against gravity. All of the these
effects can contribute to the observed low star formation efficiency (∼ 1%) of
molecular clouds (e.g., Goldsmith et al., 2008). The observed filamentary and
wispy structure of many molecular clouds imply that they have an imprint of
turbulence as an initial condition. Strong magnetic fields can also help maintain
nonthermal motions by driving oscillatory motions in low density regions of
clouds and also moderate infall motions to subsonic values in prestellar cores,
as is commonly observed (Lee et al., 1999; Caselli et al., 2002). Here, we explore
how some observable structural properties of clouds are influenced by magnetic
fields, and also discuss the IMF, specifically a model of stellar masses being a
result of a killed accretion process.
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Figure 1: The formation of a magnetic ribbon as the molecular cloud contracts under the
influence of turbulent ram pressure and the perpendicular magnetic field. The thick black
arrow points to a viewing angle θ.
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2 Molecular Cloud Fragmentation
Molecular clouds can fragment into locally collapsing objects when local grav-
ity dominates over local support mechanisms. The fragmentation can be ini-
tiated by a turbulent flow field associated with the formation of the molec-
ular cloud, but fragmentation will also occur in the absence of turbulence.
The cause is gravity, either through direct gravitational instability on a dy-
namical timescale if the cloud has a supercritical mass-to-flux ratio, or due to
gravitationally-driven ambipolar diffusion that acts on a longer timescale, if the
cloud is subcritical. If the cloud is both subcritical and initially turbulent, an os-
cillatory and filamentary network emerges, in which isolated regions eventually
become supercritical and go into dynamical collapse. These distinct outcomes
are presented and discussed in a variety of papers (e.g., Basu & Ciolek, 2004;
Li & Nakamura, 2004; Nakamura & Li, 2005; Kudoh & Basu, 2008; Basu et al.,
2009a,b; Kudoh & Basu, 2011).
The filamentary network of gas column density observed by the Herschel
Space Observatory (e.g., Andre´ et al., 2010; Men’shchikov et al., 2010) implies
that turbulence may be inherited as an initial condition in molecular clouds. The
origin of this turbulence may be instabilities in a post-shock layer (Koyama & Inutsuka,
2002) as the molecular cloud is being formed through large-scale shocks. Since
the ambient HI gas of the interstellar medium is largely subcritical (Heiles & Troland,
2005), it is natural to assume that much of the assembled gas that undergoes
conversion to molecules is also subcritical at early times. In Auddy et al. (2016)
we showed that filamentary compressions in a subcritical molecular cloud will
produce quasi-equilibrium “ribbons” in which the magnetic pressure balances
the ram pressure of the large-scale flow. Fig. 1 shows a schematic picture of the
scenario, in which the ribbon is flattened along the direction of the mean mag-
netic field and the turbulent compression is primarily in the plane perpendicular
to the magnetic field. The lateral thickness L of the ribbon is determined by the
balance between ram pressure and magnetic pressure, while the vertical thick-
ness H is set by a balance between internal pressure and gravity. Auddy et al.
(2016) show that the lateral thickness is
L = L0
[
2
(
vt0
vA0
)2
+ 1
]−1
, (1)
where L0 is the initial scale of turbulent compression, vt0 is the turbulent flow
speed, and vA0 is the ambient Alfve´n speed. If the turbulence is trans-Alfve´nic,
then L ≃ L0/3, which is independent of the local density, unlike the Jeans
length, and depends only on the turbulent compression scale L0. This config-
uration is assumed to have a vertical thickness H that is essentially the Jeans
scale, although vertical pressure due to turbulence (Kudoh & Basu, 2003, 2006)
will also contribute to the thickness in general. An interesting quantity to de-
termine is the distribution of observed apparent width of a ribbon configuration
when viewed from a variety of viewing angles. Fig. 2 shows the result of taking
a sample of 100 random viewing angles and plotting the apparent ribbon width
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Figure 2: Apparent ribbon width Lobs versus observed column density Nobs. Each blue
dot corresponds to a magnetic ribbon with intrinsic column density N and observing angle θ.
The black dashed line is the mean ribbon width for the entire range of values of Nobs. The
black dotted line is the width when the ribbon is viewed at θ = 0◦. The blue dot-dashed line
is the width for the side on view i.e., θ = 90◦.
Lobs against the apparent integrated column density Nobs. Each blue dot cor-
responds to one synthetic observation at a random viewing angle. The black
dotted line corresponds to the face-on view (θ = 0◦) for which the apparent
width equals the lateral width L, chosen to be 0.3 pc. The blue dot-dashed line
corresponds to θ = 90◦, for which the apparent width is essentially the Jeans
length and has a strong dependence on column density. The black dashed line
is an average obtained by taking 100 randomly chosen values of θ for each value
of column density and calculating the mean values of Lobs and Nobs. The line
is relatively flat over the column density range 1021 cm−2 to 1023 cm−2, similar
to the relatively flat relation observed by Arzoumanian et al. (2011).
Another interesting structural property of molecular clouds is the column
density probability distribution function (PDF). Observers and theorists alike
find this to be an easily measurable quantity, e.g., from dust emission observa-
tions and from simulations. Whereas early theoretical work (Vazquez-Semadeni,
1994) showed that the PDFs are lognormal for turbulent non-self-gravitating
media, more recent simulations with self-gravity show that a power-law tail in
the PDF is associated with the presence of local regions of gravitational collapse
(Ballesteros-Paredes et al., 2011; Kritsuk et al., 2011; Federrath & Klessen, 2013;
Ward et al., 2014). Observations also reveal the presence of power laws, and in-
deed Alves et al. (2017) (see also Lombardi et al. (2015)) claim that there is
really no evidence for a lognormal PDF in their sample of clouds, and instead
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Figure 3: The column density PDFs for different initial conditions. The red and the black
histograms are supercritical models with linear and nonlinear perturbations, respectively. The
yellow and the blue histograms are subcritical clouds with linear and nonlinear perturbations,
respectively. The vertical axis is the normalized frequency. Supercritical models have largely
a power-law PDF with index α ≈ 2, a subcritical model with linear perturbations has α ≈ 4,
and only the subcritical turbulent model shows a lognormal body with power-law extension
at high densities.
just a power-law profile over a large dynamic range, with a peak in the PDF, if
present, set by the presence of a cloud boundary. Alternatively, Pokhrel et al.
(2016) observe the Mon R2 giant molecular cloud and find a lognormal PDF
with a power-law extension at high column density. An important question is
whether the putative lognormal or power-law PDFs are expected to be universal
or depend upon initial conditions. Magnetic fields in molecular clouds are rarely
directly measurable through the Zeeman effect (Crutcher, 2012), so a key goal
is also to find structural properties in molecular clouds that can be linked to
the ambient magnetic field strength (or mass-to-flux ratio).
In Auddy et al. (2017) we have performed a systematic study of the for-
mation of the power-law PDF due to self-gravity in both non-turbulent and
decaying turbulence environments, with either supercritical or subcritical mass-
to-flux ratio. Key results of this study are in Fig. 3 and also summarized here.
For supercritical clouds (weak magnetic field), there is indeed no lognormal
PDF. Although the PDF has a peak that is associated with the background
column density, there is a steady development of a power-law profile toward
higher column densities. This occurs regardless of whether initial conditions are
turbulent. The power-law slope is approximately −2 when the PDF is binned
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logarithmically. This is consistent with the development of collapsing cores that
have a column density profile Σ ∝ r−1. This PDF can be accurately fit with
the modified lognormal power-law (MLP) distribution (Basu et al., 2015). The
MLP is a pure power law in one limit and a pure lognormal in another, depend-
ing on the values of its three parameters. The best fit to the supercritical models
is a peaked function that has an extended power-law body dN/d logΣ ∝ Σ−α
with index α ≈ 2. For a subcritical model with initially small amplitude pertur-
bations, the gravitational contraction is driven by ambipolar diffusion. In this
case, there is a slow transition from ambient magnetically dominated regions
into a gravitationally collapsing supercritical inner core. Most of the gas is in
a transition zone in which the column density profile is significantly shallower
than Σ ∝ r−1 and in fact closer to Σ ∝ r−0.5. This effect has also been seen in
axisymmetric collapse calculations (see Basu & Mouschovias, 1995; Basu, 1997).
The result is a column density PDF with α ≈ 4. In the case of a subcritical
cloud with nonlinear turbulent initial conditions, the result is the formation
of filamentary structures as also described analytically by Auddy et al. (2016).
These structures generally oscillate until ambipolar diffusion creates a super-
critical central region that undergoes runaway collapse. The oscillating regions
maintain a nearly lognormal PDF while the innermost dense collapsing regions
create a power-law tail in the PDF that starts at higher values of Σ than in the
other models. This creates a PDF that appears to have a lognormal body as
well as a distinct power-law tail.
3 Initial Mass Function
The structural properties of molecular clouds are often linked to the IMF,
through ideas like a direct conversion of the core mass function (CMF) into an
IMF (Motte et al., 1998). However, the Jeans mass in dense regions of molec-
ular clouds is typically at least a few M⊙, so that significant inefficiency is
needed to account for the large number of very low mass (≤ 0.1M⊙) stars in
the IMF. Furthermore, the discovery of increasing number of brown dwarfs and
even free-floating planetary mass objects is straining this simple picture of a di-
rect mapping from the CMF to IMF. Both Drass et al. (2016) and Muzˇic´ et al.
(2017) find significant numbers of brown dwarfs in young stellar clusters, and
the estimated fraction of substellar objects is approaching that of stellar objects.
Thies et al. (2015) claim that the theoretical models of a turbulence induced
CMF as a root cause of the IMF (Padoan & Nordlund, 2002; Hennebelle & Chabrier,
2008) underestimate the observed number of substellar objects, and they posit
that other mechanisms like disk fragmentation are needed to explain the low
mass range. Indeed the simulations of self-consistent disk formation and evo-
lution show that ejections of proto-substellar objects may be quite common
in the early phase of disk evolution (Basu & Vorobyov, 2012; Vorobyov, 2016).
Whereas filamentary structure and PDFs may inform us a lot about the levels
of turbulence and magnetic fields in molecular clouds, it seems that the origin
of stellar masses may rely on the concept of star formation as a killed accre-
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Figure 4: The MLP function with parameters µ0 = −2.404, σ0 = 1.044, and α = 1.396 (best
fit to Chabrier (2005) IMF), overlaid with histogram values for random samples drawn from
the distribution with different sizes N as labeled. All histograms are binned in increments
∆ log m = 0.2, where m is in units of M⊙. The analytic function is plotted as mf(m) where
f(m) is the density function, and the histogram is the fractional number ∆N/∆ ln m.
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tion process. See Adams & Fatuzzo (1996) for an earlier version of an accretion
termination model for the IMF. In this view, stellar seeds start with masses as
low as ≈ 10−3M⊙, the mass of a second stellar core, or ≈ 10−2M⊙, the mass
of a first hydrostatic core, and accrete from their surrounding core or disk until
some event terminates their accretion lifetime. This could be caused by ejection
from a multi-body system, by outflows from the object or a companion sweep-
ing away matter, or by a very disruptive event like feedback from a high-mass
star in the cluster. If we assume an equally likely stopping of accretion in each
time interval, then the lifetimes follow an exponential distribution f(t) = δ e−δt.
If the mass of each seed grows according to dm/dt = γm, then the resulting
normalized pdf for masses after accretion termination is
f(m) =
α
2
exp
[
αµ0 + α
2σ20/2
]
m−(1+α)
× erfc
[
1√
2
(
ασ0 −
lnm− µ0
σ0
)]
. (2)
This is the MLP distribution, in which µ0 and σ0 are the mean and dispersion
of an initially lognormal distribution of masses which then undergo accretion
growth, and α = δ/γ is the dimensionless ratio of “death” rate to “growth” rate
of protostars. The exponential growth of mass may be relevant for the formation
of intermediate and high mass stars because of the relatively small age spread
of young stars of widely different masses (Myers & Fuller, 1993). This implies
that the accretion rate needs to increase rapidly in order to form higher mass
stars. The initial mass accretion rate may however be more like a constant (Shu,
1977) and a hybrid model with an initially constant mass accretion rate that
later transitions to exponential growth, coupled with an exponential distribution
of accretion lifetimes, has been developed by Myers (2014).
A fit of Eq. 2 to the IMF of Chabrier (2005) is shown in Fig. 4. This
fit with the MLP function (Basu et al., 2015) requires only three parameters,
whereas the approach of manually joining a lognormal with a power law (as
adopted by Chabrier (2005)) requires four parameters (two parameters of the
lognormal, a joining point, and a power-law index). According to this fit, 24%
of objects are substellar (< 0.075M⊙), accounting for 2% of the total mass. The
MLP model hypothesizes that the initial distribution of accreting protostellar
seed masses is lognormal. However, a lognormal of very small dispersion σ
approaches a delta function, and we may also think of the initial distribution
as being a very narrow (delta-like) function at the mass of the first hydrostatic
cores, ≈ 10−2M⊙ or even of the second stellar cores, ≈ 10−3M⊙. An early
termination of accretion for many seeds can naturally account for a large fraction
of objects being substellar or very low mass stars.
4 Summary
We have presented a scenario for turbulent molecular clouds with subcritical
mass-to-flux ratio in which oscillatory quasi-equilibrium ribbons can be formed
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and have apparent widths that are largely independent of column density. Fur-
thermore, we have summarized a study of the systematic dependence of the
column density PDF of molecular clouds on magnetic field strength and turbu-
lence, with observationally distinguishable outcomes between supercritical and
subcritical initial conditions. Most cases develop a direct power law, and only
the subcritical clouds with turbulence are able to maintain a lognormal body of
the PDF but with a power-law tail at high values. Finally, we have presented a
scenario of star formation as a killed accretion process, which may be relevant
to understand both the very low mass and high mass ends of the IMF.
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